OBJECTIVES: Pectus excavatum (PE) is one of the most common skeletal deformities of childhood. The study was undertaken to assess cardiac functions in children with PE.
INTRODUCTION
Pectus excavatum (PE), or funnel chest, is one of the most common congenital skeletal deformities, seen in 1 in every 400 male births and characterized by an inward depression of the sternum [1] .
The aetiology of PE is unknown. Most pectus deformities are seen as isolated abnormalities. The primary abnormality is dystrophic growth of the costal cartilages and sternal depression comes thereafter. Subtle abnormalities in collagen morphology in the costal cartilages of children with pectus deformities have been shown, but the causal significance is not fully understood. In about one-third of cases, there is a positive family history of chest wall deformity. Congenital heart diseases are seen more frequent in children with PE [2] . Approximately 5% of children with a pectus deformity demonstrate a concomitant scoliosis. Symptoms are variable and age-related. Young children are usually asymptomatic but older children and adolescents may complain of vague chest and back pains, especially on exertion. Fatigue and reduced exercise tolerance may be seen more frequently among adolescents. These symptoms may, however, be connected to levels of inactivity rather than to the pectus deformity directly [2] .
There is some controversy over the cardiopulmonary functions in patients with PE [3] . Some studies demonstrated a significant compromise in cardiac or pulmonary functions [4] , whereas others showed no changes in cardiac functions [5] . Decreased cardiac output, mitral valve prolapse (MVP) and dysrhythmias are considered to be the cardiac effects of PE. Compression of the heart by the chest wall results in incomplete filling and decreased stroke volume (SV) and subsequently decreased cardiac output [4] . Similarly, compression of the right heart by the chest wall can lead to symptoms including dyspnoea and chest pain with exertion [6] .
There are numerous investigations into cardiac functions including SV, cardiac output, ejection fraction (EF), shortening fraction (SF) in children with PE, but not on arterial and ventricular systolic elastance, myocardial structure, myocardial fiber stress (MFS) and wall stress. The aim of this study was to assess these parameters and the relationship between the Haller index (HI) and arterial-ventricular elasticity, myocardial wall stress and fiber stress in children with PE.
METHODS
We studied 32 paediatric patients (23 males and 9 females) selected randomly and not showing any other congenital anomaly or disease and 40 healthy subjects prospectively. Patients who had congenital anomalies or comorbid diseases were excluded.
A full history was taken and a complete physical examination was performed by the physician. The body height and weight of all the children were recorded. Body surface area (BSA) was calculated by the Mosteller formula [7] .
An electrocardiogram was recorded in all patients. Transthoracic echocardiography was performed by an experienced paediatric cardiologist and the following parameters were monitored to assess ventricular contractility and afterload: meridional left ventricular (LV) wall stress (WSM, g/cm 2 ), LV elastance at end-systole derived by single beat (Ees (sb) ), LV circumferential end-systolic wall stress (ESWSc, g/cm 2 ), midwall shortening fraction (SFmid), predicted midwall fiber shortening for a measured fiber stress (midwall VCFc, circ/s) and MFS (g/cm 2 ). To assess the afterload, arterial elastance (Ea) was measured. LV end-systolic dimension (LVES), left ventricular end-diastolic dimension (LVED), end-systolic blood pressure (P es ) and LV wall thickness at end-systole (h es ) were also evaluated [8] . 
where 'mwst' stands for left ventricular end-systolic inner shell myocardial thickness
where s d is the end-diastolic septal thickness.
LV end-systolic elastance (Ees) was calculated by a modified single-beat method developed by Chen et al. [11] , employing Ps and Pd (diastolic arterial pressure), SV, EF and an estimated normalized ventricular elastance at arterial end-diastole. for i = 0 to 7, respectively. The value of tNd was determined by the ratio of pre-ejection period (R wave ! flow-onset) to total systolic period (R-wave ! end-flow), with the time at onset and termination of flow defined noninvasively from the aortic Doppler waveform. Our study methodology was based on the equation developed by Chen et al. [11] . The equation of arterial elastance (Ea = ESP/SV) was used to calculate Ea, where ESP designates endsystolic pressure and computed as (ESP = 0.9 × Ps) [12] . HI = A/B where A stands for transverse diameter at the deepest level of deformity, and B for anterior-posterior diameter of the same level. The HI of <2.5 was considered as mild, HI = 2.5-3.2 as moderate and HI of >3.2 as severe deformity. The A and B diameters of our subjects with PE were calculated by computed tomography of the thorax.
Statistical analysis
Data were analysed by the Pearson correlation, Student's t-test and analysis of covariance (ANCOVA) test. The arithmetic mean of cardiac radiographic measurements of children with PE and children with no deformity was compared according to the Student's t-test. To investigate what percentage the parameters were affected by BSA, age and pectus disease (these cardiac parameters can be affected by age and the BSA), we used ANCOVA analysis. Cardiac parameters can be affected by age and the BSA, so these two factors were taken as covariate variables in multi-ANCOVA analysis. In ANCOVA analysis, pectus and the control group were fixed factors; the variables age and BSA were taken as covariates. R 2 and the adjusted R 2 : R 2 assume that every single variable explains the variation in the dependent variable, whereas the adjusted R 2 tells us the percentage of variation explained only by the independent variables that actually affect the dependent variable. In children with PE, the HI arithmetic average and its correlation with the cardiac parameters were investigated.
RESULTS
Thirty-two children (23 male, 9 female) with PE deformity and 40 (17 male, 23 female) healthy controls were included in the study. The average age of the children (11.7 ± 3.2) and BSA average (1.31 ± 0.33) were similar in both groups (Table 1) .
Radiological measurements were made of the cardiac parameters; the arithmetic averages of the SF mid, ESWSc, midwall VCFc and MFS in the study group and in the control group were found to be statistically different in children, whereas WSM, Ea and Ees (sb) , LVES, LVED, P es and h es were not significantly different (Table 1) .
According to the ANCOVA analysis, age and BSA when taken as a covariate variable; SFmid, ESWSc, midwall VCFc and MFS were lower in children with PE than in the control group. The differences such as SFmid 14.9%; ESWSc 27.5%; midwall VCFc; 20.3% and MFS; 20.3% can be attributed to the pectus deformity. Ea (27.1%), Ees (sb) (18.9%), LVED (40.3%) and LVES (29.8%) were only affected by BSA ( Table 2) .
The HI minimum value of children with PE was 2.00, the maximum value was 4.93 and the arithmetic mean was 2.62 ± 0.56. Of the 32 patients, 14 (43.75%) had mild deformity, 15 (46.88%) had moderate and 3 (9.37%) had severe deformity. There was no correlation between cardiac data (ESWSc, midwall VCFc, MFS, Ea, Ees (sb) , LVED, LVES, P es and h es ) and HI (Table 3) . However, when divided into two groups HI <2.5 was mild deformity and 2.5-3.2 was moderate deformity, the cardiac arithmetic mean of these measured data was not different (P > 0.05). Therefore, no further analysis associated with HI was undertaken.
DISCUSSION
The most common chest wall deformity is the PE due to an inward collapse of the sternum and the lower rib cartilage [13] . The cause is unknown; however, there is a family history of chest wall deformities in 40% of the cases. PE is more common in males and our study was consistent with the literature.
PE may be considered a trivial problem but it can lead to much more than a cosmetic deformity. It causes volume reduction and cardiac chest compression and can lead to a reduction in cardiopulmonary function and physical capacity. Symptoms rarely appear in early childhood and increase with age [14] .
Because the chest wall is flexible in young patients, the heart can slide to the left and this provides a modest reduction in pressure on the heart. However, with age the chest wall elasticity decreases, stiffness increases, the left deviation of the heart decreases and pressure on the heart increases with consequent symptoms. During early adolescence, when patients begin to play sport, they complain of early fatigue. In addition, exertional dyspnoea, decreased endurance, chest pain, palpitations, exerciseinduced wheezing and frequent upper respiratory infections may occur. In our patients, the most frequent complaint was chest pain. As shown in the literature, the complaints were found to increase as the patients aged.
Thoracic skeletal abnormalities have been shown to have a close association with MVP [15] . In their study, Seliem et al. [16] found the prevalence of MVP in 55% of patients with PE, whereas Simsek et al. [17] found the figure to be 12.5%. In our study, the prevalence of MVP was lower (6.25%).
Congenital heart disease is relatively rare in patients with PE. In the study by Simsek et al. [17] , 2 (2.1%) patients had atrial septal defect (ASD) and 12 (12.5%) had patent foramen ovale. In our study, 4 patients (12.5%) had ASD.
Right ventricular (RV) dysfunction can be seen in patients with PE. Ventricles share common septum and are within the same pericardial cavity. This relationship between both ventricles also causes similar changes in both systole and diastole [18] . In these children, the compression of the right side of the heart can also cause changes in the size and function of the left ventricle, resulting in a decrease in cardiovascular function. Hu et al. [19] looked at children with PE between 2.5 and 16 years; they determined the cardiac function by calculating left ventricular ejection fraction (LVEF), SF and the SV index. Gürsu et al. [20] evaluated LV heart muscle contraction capacity and found lower LVEF in the PE group than in the healthy control group. In the same study, an inverse relationship was found between LVEF and SF with HI. Krueger et al. [21] have shown that in transoesophageal echocardiography, the RV end-diastolic size and LVEF were increased after surgery. Bawazir et al. [22] have shown that LV cardiac output and cardiac index improve after pectus corrective surgery. Peterson et al. [23] documented improvements in RV end-diastolic volume and right ventricular ejection fraction (RVEF) and also increments in LV enddiastolic volume index and SV index after pectus surgery. Saleh et al. [24] found that both LVEF and RVEF were lower in PE patients. RV end-systolic volume was significantly higher and they did not detect any significant correlation between the RVEF and LVEF and HI. The ventricular contractility and myocardial performance may be affected by chamber geometry which needs to be identified by measuring ESWSc, midwall VCFc and MFS. ESWS, which is dependent on both chamber shape and mass/volume ratio, demonstrates the forces opposing predominantly meridional and circumferential planes. This is an index of the total forces per unit of myocardium and thus may cause an underestimation of true afterload. MFS as representative of myofibre afterload is a more accurate index of afterload in hypertrophied or dilated LV [8] . We found ESWSc, MFS and midwall VCFc to be lower in patients with PE. This means that myocardial contractility and afterload may be affected and lower and causes decreased systolic function in patients with PE. SFmid as a systolic ejection index of deeper layers of myocardium provides more physiologically appropriate measurements of LV in wall thickness and conditions such as LV concentric hypertrophy and provides information to assess the myocardial performance [8] . In this study, SFmid was lower in patients with PE than in controls.
Ees (sb) is a major determinant of cardiac systolic function reflecting LV contractility. Ea, as a representative of arterial loading properties, is a more accurate parameter to assess arterial load on ventricular performance [12] . Ea reflects afterload and is sensitive to any kind of afterload changes such as blood pressure. We did not find any differences between controls and patients with PE with regard to Ea and Ees (sb) . The possible reason for this is that Ea and Ees were affected by BSA and not pectus deformity as depicted in Table 2 .
Paediatric echocardiographic evaluations of LV systolic function are usually based on the indices obtained by measurements at the endocardial level. It is suggested that in the presence of ventricular : Adjusted R 2 ; BSA: body surface area; SFmid: midwall shortening fraction; ESWSc: LV circumferential end-systolic wall stress; WSM: meridional LV wall stress; midwall VCFc: predicted midwall fiber shortening for a measured fiber stress; MFS: myocardial fiber stress; Ea: arterial elastance; Ees(sb): left ventricular elastance at end-systole derived by single beat; LVED: left ventricular end-diastolic dimension ; LVES: left ventricular end-systolic dimension; P es : end-systolic blood pressure; h es : LV wall thickness at end-systole.
ORIGINAL ARTICLE
E. Akyüz Özkan et al. / Interactive CardioVascular and Thoracic Surgeryhypertrophy, the evaluation of LV systolic function based on indices obtained by measurements at the endocardial level may lead to an overestimation of systolic function. Crepaz et al. [25] assessed the developmental changes of LV systolic mechanics measured at the endocardial and midwall levels. They found that blood pressure, LV afterload, volume and mass increased, whereas the mass/volume ratio remained stable during growth. FS and mean VCFc at the endocardial level decreased and showed an inverse relation to afterload. SFmid and VCFc were lower during the first months and did not change during the first year of life. They concluded that LV volume and left ventricular mass (LVM) increase with age, mass/volume ratio remains almost constant while afterload increases. Endocardial systolic function indices are higher in the first stage of life.
Since there are no studies in the literature evaluating cardiac and arterial elastance and myocardial wall stress in children with PE, we could not compare our results with other studies.
In conclusion, the results of our study indicate that systolic function, contractility and afterload are modified in patients with PE.
Study limitations
In this current study, most of the children had mild or moderate forms of PE. Further studies with a larger sample size and greater number of children with a more severe form of PE are warranted to better elucidate the cardiac functions in these patients. Correlation is significant at the 0.01 level (two-tailed).
